We present the discovery of a 3h5m orbital-period binary star at the heart of the planetary nebula M 3-1 -the shortest period photometrically-variable central star known and second only to V458 Vul, in general. Combined modelling of light and radial velocity curves reveals both components to be close to Roche-lobe-filling, strongly indicating that the central star will rapidly evolve to become a cataclysmic variable, perhaps experiencing a similar evolution to V458 Vul resulting in a nova eruption before the planetary nebula has fully dissipated. While the short orbital period and near Roche-lobe filling natures of both components make the central binary of M 3-1 an important test case with which to constrain the formation processes of cataclysmic variables, novae and perhaps even supernovae type Ia.
INTRODUCTION
Binary central stars are critical for understanding the formation and evolution of planetary nebulae (PNe), being the sole remaining contender for driving the shaping of aspherical and axisymmetric PNe (García-Segura et al. 2014; Jones & Boffin 2017) . Furthermore, the short-period (P ≤ a few days), post-common-envelope (post-CE) systems have fundamental implications for a wide variety of other astrophysical phenomena, in particular for our understanding of the CE phase itself (De Marco et al. 2008 , 2011 Tocknell et al. 2014) .
Here, we present the discovery of a close-binary central star in the planetary nebula M 3-1 -one of the shortest or-bital period binary central stars known (second only to V458 Vul; Rodríguez-Gil et al. 2010 ) and the shortest to have been discovered photometrically 1 . M 3-1 (α=07 h 02 m 49.9 s , δ =−31 • 35 ′ 29.45 ′′ , PN G242.6−11.6) has previously been singled out for its remarkable pair of low-ionisation polar ansae (Corradi et al. 1996) which bear a remarkable resemblance to the precessing jets of another planetary nebula known to host a binary central star -Fleming 1 (Boffin et al. 2012) . Furthermore, Corradi et al. (1996) also identified filamentary low-ionisation structures in the equatorial direction, which were argued by Gonçalves et al. (2001) to be fossil remnants of condensations in the old AGB wind. Higher resolution imagery with the Hubble Space Telescope (HST) reveals further disrupted low-ionisation filaments across the entire central nebula (see figure 1 ). It is important to note that such features are not only typical of central star binarity (Miszalski et al. 2009 ), but that a binary is thought to be a necessity in order for their formation (Soker & Livio 1994; Jones & Boffin 2017) . Furthermore, these filamentary and jet-like structures are present around several other central star systems which present large-amplitude photometric variability and orbital periods shorter than one day -most notably in Hen 2-11 (Jones et al. 2014) , Hen 2-155 , NGC 6326 and NGC 6778 (Miszalski et al. 2011 ). As such, M 3-1 was included in our long-term monitoring campaign in search of close-binary central stars through photometric variability. This paper is organised as follows. The observations and data reduction are presented in Section 2, the modelling of the central star system can be found in Section 3, while the results are discussed in Section 4.
OBSERVATIONS AND DATA REDUCTION

Photometry
Between February 2012 and March 2015, imaging observations of the central star of M 3-1 were acquired using the EFOSC2 instrument (Buzzoni et al. 1984; Snodgrass et al. 2008 ) mounted on the European Southern Observatory's 3.6-m New Technology Telescope (ESO-NTT). The E2V CCD (pixel scale 0.24 ′′ pixel −1 ) was employed along with the Hβ -continuum filter (#743; as previously employed in Jones et al. 2015 , in order to minimise the contamination from the bright nebula). In total 171 images with 150-s exposure time were acquired spread fairly evenly across five observing runs.
The images were debiased and flat-fielded using routines from the AstroPy affiliated package ccdproc. Differential photometry of the central stars was then performed against field stars using the sep implementation of the SExtractor algorithms (Barbary 2016; Bertin & Arnouts 1996) , before being placed on an approximate apparent magnitude scale using observations of standard stars taken during the course of the observations.
The observations show clear short-period variability with prominent primary and secondary eclipses (see figure 2(a)) which, given the excellent temporal coverage of the data, allow the period to be determined extremely precisely. The resulting ephemeris is, HJD = 2 455 986.6680(0.0001) + 0.1270971(0.0000001)E
for the primary eclipse.
Radial velocity monitoring
Spectroscopic monitoring of the central star system of M 3-1 was performed on December 9 2011 using the FOcal Reducer/low dispersion Spectrograph (FORS2; Appenzeller et al. 1998 ) instrument mounted on the Unit Telescope 1 (UT1 or Antu) of the European Southern Observatory's 8.2m Very Large Telescope (ESO-VLT). A 0.5 ′′ wide longslit was employed along with the GRIS 1400V grism (approximate wavelength coverage, 4600Å≤ λ ≤5800Å) and the MIT/LL mosaic detector. Twelve contiguous exposures of 900-s were taken, covering just over one complete orbital period. Basic reduction (debiasing, flat-fielding, wavelength calibration) was performed using the FORS2 pipeline, before sky-subtraction and optimal extraction of target spectra by standard starlink routines. The resulting spectra show strong nebular contamination from the bright lines of [O iii] as well as Hβ (see Figure 3 ), however the stellar absorption line of He ii at 5411.52Å was sufficiently unaffected to allow radial velocities to be measured. Visual inspection of this line shows clear evidence of sinusoidal variation on timescales consistent with the orbital period derived from the photometry mentioned above (see Figure 4 ). No spectral signatures (for example, irradiated emission lines; Miszalski et al. 2011; Jones et al. 2015) originating from a secondary component were detected in the spectra, in spite of a reasonably prominent irradiation effect in the observed lightcurve. This means that only the radial velocity curve of one component could be derived which, given the spectral signature, is most likely due to the hot nebular progenitor. The final heliocentric radial velocity measurements, as derived via cross-correlation with a template (created from the average profile) of the 5411.52Å absorption line, are shown phased on the photometric ephemeris in figure 2(b).
MODELLING
The light and radial velocity curves presented were modelled simultaneously using the next-generation Wilson-Devinney code phoebe2 (Prša et al. 2016) . A fitting was performed via a Markov chain Monte Carlo (MCMC) method implemented in python using emcee (Foreman-Mackey et al. 2013 ) and parallelized to run on the LaPalma supercom- puter using schwimmbad (Price-Whelan & Foreman-Mackey 2017). Limb-darkening values for the hot, primary component were extrapolated from the tables of Gianninas et al. (2013) , while the limb-darkening parameters of the secondary were derived using phoebe2. Initially, the masses, radii and temperatures of both stars were allowed to vary freely. However, given that the radial velocity curve is singlelined (only the primary's velocities are measured), the results were found to be particularly insensitive to the mass of the primary -with almost any reasonable value (0.4-1.4 M ⊙ ) seemingly similarly likely (though a small, but not statisti-cally significant peak, was found around 0.9 M ⊙ ). In order to try to break this degeneracy, a canonical value of 0.65 M ⊙ was adopted and a second MCMC chain ran. The final fit parameters are listed in table 1, while the resulting light and radial velocity curves are shown overlaid on the observations in figures 2(a) and (b), respectively. It is worth noting that the final values for other parameters are relatively unaffected by the choice of fixed primary mass, with similar values (within a few uncertainties) found for all other parameters (more discussion of the results is presented in the supporting material). The light and radial velocity curves are well fit with little evidence of systematic deviations between the model and observations. The radial velocity curve does perhaps show some signs of periodicity in the residuals (lower panel of figure 2(b) ), however the statistical significance of any variability is rather small given that all points bar one lie within one uncertainty of the model radial velocity curve. Furthermore, the implied periodicity would be shorter than the measured orbital period and, thus, implausibly short to be due to perturbations arising from the orbit of a third component in the system. The systemic heliocentric velocity of the system is found to be ∼76 km s −1 , in excellent agreement with the radial velocity of the nebula (70±15 km s −1 determined by Schneider et al. 1983) . While there are no independent measurements of the nebular inclination (by spatio-kinematic modelling, for example), the images presented in figure 1 would seem to indicate that the symmetry axis of the nebula is slightly inclined with respect to the plane of the sky (i.e. not parallel but within perhaps 10-20 • ). As such, it would appear that the derived binary inclination is consistent with the theoretically predicted alignment between nebula and binary orbital plane (Hillwig et al. 2016) .
The stellar radii are determined with good precision, with only a small dependency on the system's inclination. Both stars are found to be close to Roche lobe filling, with the primary much larger than a typical evolved white dwarf. The secondary mass is fairly well-constrained at approximately 0.2 M ⊙ -this is a consequence of the star being so close to Roche lobe filling, with greater masses resulting implying too small a radius. However, it should be noted that this parameter is the most affected by the choice of fixed primary mass and, as such, the quoted uncertainties are almost certainly a lower limit. In many cases, the main sequence secondaries of post-CE binary central stars have been found to display larger radii than isolated main sequence stars of the same mass ) -in M 3-1 the secondary's mass and radius are both found to be consistent with a late M-type main sequence star. Perhaps this is a consequence of the close orbit, whereby the secondary cannot be inflated without overflowing its Roche lobe. The fitting does indicate that the temperature of the secondary is larger than would be expected (at ∼7500 K with very large uncertainties), but this is an exceptionally poorly-constrained parameter given the single, narrow-band light curve and the fact that the depth of the secondary eclipse is primarily dominated by the level of irradiation from the primary rather than the secondary's underlying temperature. Such increased temperatures are similarly observed in many post-CE central star secondaries, but, given the extremely large uncertainties from our fitting, we cannot state conclusively that this is the case in M 3-1. The temperature of the primary, how- ever, is slightly better constrained (though still with rather large uncertainties) and found to be in excellent agreement with the Hydrogen and Helium Zanstra temperatures derived by Kaler & Jacoby (1991) at 48 and 65 kK, respectively. The model primary does not lie particularly close to any of the standard post-AGB evolutionary tracks (e.g. Vassiliadis & Wood 1994; Bloecker 1995; Miller Bertolami 2016) , however the large uncertainty in temperature translates to a much larger uncertainty on the luminosity meaning that consistent tracks are found from all authors with post-AGB ages less than ∼30 000 years (i.e. the observable lifetime of a PN). The lack of evolutionary tracks which reproduce the derived values (ignoring uncertainties) is unsurprising given that these tracks are calculated for isolated stars and do not account for the effects of the CE phase or mass transfer (Miller Bertolami 2017) .
DISCUSSION
We have demonstrated the central star of the PN M 3-1 to be a close-binary system with a period of approximately 3h5m, making it the shortest-period, photometricallyvariable binary central star known to-date and the second shortest-period in general (second only to V458 Vul; Rodríguez-Gil et al. 2010) . Intriguingly, both components of the binary system are found to be very close to Roche-lobefilling -making the system interesting from the point-ofview of a possible merger candidate. However, given the low masses of both components, the time to merger via gravitational waves would be approximately 1.5 Gyr. The primary would almost certainly be expected to settle to a smaller radius (i.e. no longer be Roche-lobe-filling) on a much shorter timescale, meaning that mass transfer will again become feasible. As such, the orbital separation of the system will evolve as a function of mass exchange, mass loss and magnetic braking rather than the radiation of gravitational waves. Given the good agreement between the most-likely modelled temperature and the literature temperatures derived by studying the ionisation of the nebula, it is likely that the true central star does not lie on standard post-AGB evolutionary tracks. This is not to be unexpected given that such tracks are for single stars, and do not account for the poorlyunderstood CE, but it is an important point to emphasise given that models of post-CE central stars are frequently compared to such tracks.
The secondary of the system is found to be close to Roche-lobe filling but apparently not "inflated" with respect to the expected radius given its mass -such inflation is a frequently observed trait in post-CE central stars and is generally thought to be due to accretion prior to or during the CE phase (Miszalski et al. 2013; Jones et al. 2015; Chamandy et al. 2018 ). As such, it is unlikely that the secondary will thermally adjust to adopt a smaller radius in the near-future, meaning that small changes in the orbital separation could lead to Roche-lobe overflow and accretion onto the hot primary -turning the system into a cataclysmic variable (CV). This likely evolution draws strong parallels with the only binary central star known to present a shorter orbital period -V458 Vul -a bona fide CV which experienced a nova eruption inside a previously ejected PN (Wesson et al. 2008) . The age difference between the nova eruption and the ejection of the planetary nebula (believed to have been formed by the ejection of a CE, just as would be the case for the nebula of M 3-1) is only ∼14 000 years. While the total mass of the components of M 3-1 is rather uncertain, it is almost certainly lower than that of V458 Vul, and as such it does not represent a possible supernova Ia progenitor system. It does, however, offer a valuable system with which to study the formation and evolution of such supernova progenitors at an intermediate stage of their evolution, when they are "fresh out of the oven" of the CE phase, as well as the formation of CVs in general. The presence of the ejected envelope, as well as the evident jets, offer a unique window with which to study the CE phase which is key in the formation of such objects. This, coupled with the observation that a significant number of supernovae Ia are observed to explode in circumstellar environments consistent with a previous PN phase (Tsebrenko & Soker 2015) , makes M 3-1 (and other short-period binary central stars) important tools with which to understand the supernova Ia phenomenon. We therefore particularly encourage further study of the nebula, both chemical (e.g.; Corradi et al. 2015; Jones et al. 2016) and morpho-kinematical Boffin et al. 2012; Tocknell et al. 2014) , as well as further observations of the central star system (particularly multi-colour photometry to better constrain the parameters of both stars) -all of which can reveal important information about the formation and evolution of the system.
APPENDIX A: SUPPORTING INFORMATION: MCMC CORNER PLOT
Given that the quoted uncertainties in Table 1 of the main paper do not completely reveal the inter-dependencies between modelled parameters, we present a corner plot of the MCMC chain in Figure A1 . The plot clearly shows the relatively strong anti-correlation between secondary radius and inclination, with most other parameters presenting more gaussian distributions. The primary temperature is clearly the most poorly constrained of the parameters shown (to be expected given the single-narrow-band nature of the light curve), but does show a clear peak at ∼ 50 kK which is consistent with estimates of the temperature based on nebular ionisation. Furthermore, the primary temperature does not show particularly strong correlations against any other parameters with only a weak correlation with orbital inclination (and weak anti-correlation with secondary radius) -meaning that the uncertainty does not propagate to other parameters, which can be considered more reliably determined. Figure A1 . Corner plot showing the MCMC results for the well-constrained parameters -primary temperature (T 1 ) and radius (R 1 ), secondary radius (R 2 ) and mass (M 2 ), and orbital inclination (i). Red lines mark the most likely values (as quoted in Table 1 ).
